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   Abstract: The formulas of the bulk transfer coefficients for the momentum, 
sensible heat and vapor fluxes presented by Kondo (1975) are reformed in order to 
explicitly express the essence of the theory and in order to be easily applied in the various 
problems in the atmospheric boundary layer including the estimation of turbulent 
fluxes in the conditions in which the thermal stratification is non-neutral and the 
observation heights of wind speed, air temperature and humidity are different from 
each other. The relative differences between the values of the bulk transfer coefficients 
by the reformed formulas and the values by the original  Kondo's formulas are very 
small.
1. Introduction 
   Recently, the investigations of the atmospheric boundary layer have been rapidly 
developed and the several big projects of observation as the Monsoon Experiment 
(MONEX) and the Air Mass Transformation Experiment (AMTEX) have been conduct-
ed. In such programs, the estimation of momentum, sensible heat and vapor fluxes 
is one of the most important  subjects. A direct measurement of turbulent fluxes 
that they are estimated from the observational data of turbulent fluctuation is also very 
interesting in the investigation of turbulent transport. However, a bulk method is 
most suitable to the estimation of fluxes over the wide area of ocean because the fluxes 
are estimated only with the usual meteorological data, that is, the wind speed, the air 
temperature, the humidity and the sea surface temperature and the accuracy of the 
bulk method have been recently advanced. Particularly, a method presented by 
Kondo (1975) is very excellent and was used by many researchers (Kondo,  1976; 
Naito, Tsuji and Watabe, 1976a,  1976b; Yasuda, 1975, 1979). 
   Rondo (1976) showed that the values calculated by his bulk method well consists 
with the values of fluxes estimated with the budget method by Nitta (1976) and Murty 
 (1976). And Kondo (1977) reported that the values of fluxes by  his bulk method are 
consist within a range of 10% with the values of flux by the direct method that the 
turbulent fluxes are computed from the observed data of turbulent fluctuations. 
Yasuda (1975) refined the Kondo's formulas in order to easily apply them on the 
estimation of turbulent fluxes in the cases in which the observation heights of meteo-
rological elements are different from each other and the thermal stratification is not 
neutral, but his refined formulas are not very well arranged. Therefore, in the
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present work, the author tries to again reform the formulas of the bulk transfer 
coefficients by Kondo (1975) so that the reformed formulas explicitly express the es-
sence of Kondo's theory and are able to be very easily applied in the various researches 
in the atmospheric boundary layer. 
2.  Bulk Transfer Coefficients 
    Bulk transfer coefficients for momentum, sensible heat and vapor fluxes,  CM,  CH 
and  C  E, are defined as follows. 
 .r 
 p  = JO,  =  Cm(zi)  u2(z1) , (1) 
 H —  —  uT  =  CH(z2,  z1)  (Ts—T(z2)}  u(z1)  , (2) 
 cp  p
 E                   —u*q*C E(zs,  z1)  (qs—q(z3)) u(z].)(3) 
 p
where T is the downward momentum flux, H is the upward sensible heat flux, E is the 
upward vapor flux,  u* is the friction velocity,  T* is the friction temperature,  q* is the 
friction humidity, u is the wind velocity, T is the air temperature, q is the specific 
humidity, the suffix s means the values at the water surface and the suffixes 1, 2 and 3 
denote the heights where u, T and q are measured, respectively. We assume that the 
profile functions  111m,  bHand  1.4 are given by 
                                                  ci                                 u
           7'M (z1)ku(z  =J m,  (4) 
 k(T(z2)  —  T0J 
H(Z2) —  cg"  , (5)  T
*  J  C. 
 E(Z3) = k {q (Z3) —910}t.Wj'E (6) 
 q*  co 
where the suffix 0 means the extrapolated values at the roughness height  z0 and k is the 
Von  Karman constant assumed to be 0.4. The dimensionless height is defined as 
                    kg  
 ci,11 
 3/2                                            (7) 
                                                                                                            ' 
 (T  +273.16)  T 
 p where  7 is the representative mean temperature in the surface boundary layer  and may 
be assumed to be equal to  T(z2). The dimensionless gradient functions  qM,  (4.11 and 
 cb  E are given as 
1) for the unstable conditions
BULK TRANSFER COEFFICIENTS OF TURBULENT FLUXES 133
 chi,  —  (1—  16)-1/  4 
 chi,  =  (4,E=  (1-16)-1/2 
            41fri(z) =  In1Z(X°+ 1)2(x02+1) }                                        + 2 arctan((   x—xo                       z,(x+ 1)2 (x2+ 1)  1+XX°
where x =  (1—  16n1/4 
and  x,  =  (1—  160)1/  4
                              i xo+ 12               OH(Z) =0 42)=---In 1  2                             zo x+1 I 
where  x  —  (1-1601/2 
and  x0=  (1-16U1/2 
2) for the stable conditions  &"0 
                                                                6""                 6
M=Cbil = 16E= 1 +                                    1+- '
                                                                       6
              0„,,(2) —cb„(z) =qJ,(2) — Ini21+1.                                    zo( -'                               1+,)
Kondo (1975) pointed out that the temperature and humidity at z—zo 
are different from the values at the water surface, Ts and qs, and  int
(8)
(9)
(10)
(11)
, that is,  T, and q0, 
roduced a Stanton 
number  B  H for the sensible heat transfer and a Dalton number BE for the vapor transfer 
given as 
 T 
       BH — (12)                                           T
o—Ts'
 BE  — q*(13) 
                                                                                                                                                                            . 
 qo—qs 
As the Stanton number  B  11 and the Dalton number BE are represented only by quantities 
concerning layers near the surface and the profile functions  qi  i and  OE in the boun-
dary layer very near the surface are independent of the thermal stratification, the 
Stanton and Dalton numbers are considered to be functions only of u,, and to be 
independent of T  *. From Eqs. (1) and (4), we obtain the expression f  CM given as 
 „*2 k2   C  
m  (  z  ,)  =   =-- (14)  u2(z1),i,M2(z1) 
Similary, from Eqs.  (1)-(3), (5), (6), (12) and (13) we obtain the expressions of CH and 
CE given by 
 k2   C
H(z2,  zi)  —(15)  om(z,) [4(zo+kB,,-1)'
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 CE  (2.3,  z1)  —   b  
M(z1)
 1z2
 E  (2  +  kB  E-11
 (16)
3. Roughness height, Stanton number and Dalton number 
    He also investigated in detail about the relationsof  z0,  Bll and  BE with the 
wind speed at  z=  10 m, u(10 m), or the friction velocity He divided the condition of 
turbulence in the surface boundary layer into three regimes. A smooth regime is 
defined as the condition in which the size of the roughness i smaller than the thickness 
of the laminar sub-layer above the surface. The smooth regime is realized when u(10 m) 
under the neutral thermal stratification is smaller than about 2.2m/s over the ocean. 
When u(10 m) becomes tronger than about 8  m/s over the ocean, the turbulence in the 
surface boundary layer are completely developed. This condition is called a rough 
regime. The condition in which u(10 m) is larger than about 2.2  m/s and smaller than 
about 8  m/s is assumed to be a transition regime. He theoretically researched the smooth 
regime and obtained simple results given by 
                                 1.698x 10-6      ZO(17) 
 21* 
 B =  —2.7  , (18) 
 B =  —3.8  , (19) 
where  z0 and  u* are expressed in units of m and  m/s, respectively. For the rough 
regime, he theoretically got the results described as 
                          hP 
     Zo ,(20) 
                                                                          0.45 
                    (p         BH-1 0.54  (21) 
                                  hp)0.45             BE-1=0.47 (*(22) 
 v where  hp is the representative dimension of the water-surface irregularities associated 
with the high-frequency wave height and v is the kinematic viscosity of the air. 
According to Kondo, Fujinawa and Naito (1973),  hp is defined as a peak value of h in the 
probability distribution of  h given by 
 h  2v  , (23) 
where v is the standard deviation of wave height measured by the insulated copper 
wire of which the response time is 0.03 s and the standard deviation is calculated 
over 0.2 s. The representative dimension of the water-surface irregularities  hp is 
considered to represent he characteristic scale of wave height in the frequency region 
from 5 to 30 Hz. Therefore,  hp is assumed to be related to the wave directly
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generated by wind blowing near the water surface and to be a function of the friction 
velocity  a,. They measured the values of  hp in the range where  u,, is from several 
 cm/s to about 60  cm/s, that is, the wind speed u(10 m) in the neutral condition is from 
about 1  m/s to about 15  m/s. For the case in which u(10 m) is larger than 15  m/s, 
Kondo (1975) made an empirical formula of  CM (10 in) with the observational data of 
hurricane and the experimental data in the wind flume. As described later, the value 
of  hp is calculated from the value of  CM (10  m) in the neutral condition and also using 
Eqs. (15) and (16), the values of  BH and  BE are calculated from the empirical formulas 
of CH (10 m, 10 m) and CE (10  in, 10 m) in the neutral condition. 
   For the transitional regime, he also tried to theoretically make functions of 
transfer coefficients and conducted the attractive researches. But, he did not get a 
completely closed theory and semi-empirically established functions of  CM(10 m), CH 
 (10  m,  10  m) and  CE  (10  m,  10  m). 
4. Modified Formulas of Bulk Transfer Coefficients 
   He presented the functions of  Cm(10m),  _CH(10  m, 10 in) and  CE(10  m, 10  in) 
in the neutral condition given by 
 103Cm(10  m)  am±bmul'IN  (10m) , (24) 
 103CH(10  m,10  m)  =  ak+bolPh(10  m)±  (u(10  m)  8)2 , (25) 
 103CE(10  m,  10  m)  =  ae+belti',(10  rn)  +  ce  (1(10  m)  -81  2  , (26) 
where parameters am,  ah,  ae,  b,,,, bh, be,  19 'h                                      r 5 e, chand ceare tabulated in Table 1. 
Using Eqs. (24)-(26), the functions of  zu,  BR and BE for  tt, are obtained by the proce-
dure as follows. 
     Table 1. Values of  coefficients used in the Kondo's empirical formulas (24) to (26).
 u(10m)
 0.3 to  2.2 
 2.2 to 5 
5 to 8 
8 to 25 
25 to  50
am
0 
 0.  771 
 0.867 
 1.  2 
0
ah
0 
 0.  927 
 1. 15 
 1. 17 
1. 652
 a,
0 
 0.969 
 1.  18 
1. 196 
 1.68
 bh,
 1.08 
0. 0858 
 0. 0667 
 0. 025 
 0. 073
bh
 1. 185 
 0. 0546 
 0.01 
 0.  0075 
 -0 .017
 b,
 1.23 
 0.  0521 
 0.01 
 0.  008 
 -0 .  016
Gh
 0 
 0 
 0 
 -0 .00045 
 0
 c,
 0 
 0 
 0 
 -  0.0004 
 0
 pm
-0 . 15 
 1 
 1 
 1
Ph
-0 . 157 
 1 
 1 
 1 
 1
 Pe
 -O .  16 
 1 
 1 
 1 
 1
   When the thermal 
obtain the equation as
From Eqs. (14) and (27) 
as
stratification is neutral, that is, with Eq. 
   b M(2)(       =H -=-  E(Z)  ln  Z 
 Zo 
 , the equation determining the roughness height  z0 
 Z0  =10m  x  exp  (-                VCm(10m)) •
(9) or (11) we
    (27) 
is introduced
(28)
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Substituting Eqs. (14) and (27) into Eq. (15) the equation of BH is derived as 
           1 1        BH-1=iCm(10m)  I 29) 
 CH (10m,  10m)  Cm(10m) 
Similarly, we obtain the equation of BE given by 
           1  1   BE-1 = -VCm(10m)  I(30)  CE(10m,  10m) Cm(10m)I 
The friction velocity  u, is calculated for the values of u (10 m) using the equation 
derived from Eq. (1) as 
                 = VCm(10m)  u(10m)  . (31) 
For a given value of u(10 m), the values of  u,,,  zo, BH and BE are computed with Eqs. 
(28) to (31). Therefore, we obtain the numerical relationship of  zo, BH and BE to  u,,. 
   As the relations in the smooth region are explicitly described in Eqs. (17) to (19), 
it is not necessary to again compute  u,,,  zo, BH and BE with Eqs. (28) to (31). In the
 Fig.
 E
 a 
 _C
 1
  3 10
10
 u(10m) 
 .20 30
 (m/s) 
  40 50
  0 1 2 3 
                          (mis) 
1. Representative dimension of the water-surface irregularities,  hp, in the rough region. 
Solid, broken and dotted lines are values of  hp calculated from the data of the roughness 
height  zo, the Stanton number  BH and the Dalton number  BE, respectively.
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rough regime, the relations of  z0, BH and BE to  u* becomes three relations between  hp 
and  u* through Eqs. (20) to (22). In Fig. 1, the calculated relations are illustrated. As 
a matter of course, the differences among three relations between  hp and u, are 
very small. The values of  hp estimated with Eqs. (20) and (28) are approximately 
represented by
 hp  =  (1.480+4.830u,  + 5.465u*2)  x  10-3 
                  for  u* < 1.074m/s 
and 
 hp =  (15.70-44.22u*+41.13u*2-2.158u*3)x  10-3
                  for 1.074  S  /4,  c  3m/s 
where  hp and  u* are represented in units  of m and infs,  respectivel: 
   In the transition regime, the  calculate relation between in zo 
calculated relations of  BH-1 and  BE-1 to  u* have been found to be  a] 
Therefore, the equation representing  2,  are written as 
 zo = 1.399x  10-3  2t*1* 53 
 for 0.07037   /4* < 0.3106m/s 
Assuming that  BH-1 and  BE-1 take  values d termined with  E 
(22) and (32) at  u*  =0.07037  mis and  0.310 m/s, 1,ve obtain the  eq 
 BH-1=  26.56u, 
 BE-1  = 29.16u*-5.852 
The results described above are put in order as follows. 
1) Smooth regime 
 u*  <  0.07037  , 
 1.698x  10-6 
 2.0 
 14* 
                                           =  —2.7,
                                           =  —3.8,
2) Transition regime 
                        0.07037  <  0.3106  , 
 zo = 1.399x  10-3u*1.53  ,
 BH-1=  26.56u*  —4.569  , 
 BE-1=  29.16/4,-5.852  , 
3) Rough regime 
 0.3106  u„  <  3  ,
(32)
i i ly. 
d l i i and  In  u* and the 
pproximately linear. 
 i
53 
                     (33) 
 u* 
 ies i i qs. (18), (19), (21), 
 6 /s, 1,ve obtain the  equation given by 
 iu*-4.569 , (34) 
                     (35)
(36) 
(37) 
(38) 
(39) 
(40) 
(41) 
(42) 
(43) 
(44)
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z = °  15
 BH-J. 79.3  (u*N)o.45 
 BE-1  — 0.8704  BH-1 
 hp =  (1.480  +4.830  u*  +  5.465  u*2)  x  10-3 
                 for 0.3106  < u,, < 1.074 
 hi, = (15.70-44.22  u,,  +41.13  u*2-2.158u*3)  x 10-3 
                for  1.074  <  u*  <  3 
where all dimensional variables are represented by use of the  Int( 
Units of which the basic units are m, kg, s, A, K, mol and cd and v is 
 10-5m2fs. The relations of  zo,  BEI-1 and  BE-' to  u,, calculated with 
showed in Figs. 2 and 3. The bulk transfer  coefficients Cm(10 m), 
 CE  (10 m, 10 m) in the neutral condition are  calculated with Eqs.  ( 
(36) to  (48). The relative errors of their values  t the values  ( 
Kondo's original formulas (24) to (26) are  illustrated in Figs. 4 
error of  CM(10 in) is smaller than  1% in the whole range where  /I 
0.4  m/s and smaller than  50m/s. The errors of  CH(10 m, 10 m)  an( 
take a larger value than a few percentages when  u(10 m) is  strorq 
the strong wind, the Kondo's formulas of  CH(10 m, 10 m) and
(45)
(46) 
(47)
(48)
ernational System of 
i assumed to be  1.53  x
l l i Eqs. (36) to (48) are 
 ents  CH(10  m,  10  m) and 
 ed i 14) to (16), (27) and 
 .o the values  calculated with the 
 ted i i to 6. The relative 
(10 m) is larger than 
 0 ,  )  d  CE(10 m, 10 m) can 
 i nger than  25m/s. For 
  CE(10  m,  10  m) are
 E
10
-2
 -3 
 10
Fig.
 0.5 1
 U(10m)  ,  (m/s) 
    5 10 50
 0.01
2. Roughness
0.1 
 U* 
height  zo
 1 
 , (m/s) 
vs. the friction
10
3
2
 1
 E 
 0 
 X 
 O
velocity  u*.
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      0 —  
            1 
                       _10   1 1 11111 1 11111II I111111  
 0'01  0.1 1 10 
 U..  (m/s) 
  Fig. 3. Relations of the Stanton number  B  H (solid line) and the Dalton number BE (broken 
     line) to the friction velocity  u,.  
1   
 0.5  — 
          E 
 U 
 0 
            O 
                    -05   
                   E) 
  -1 I  
 0  10  20  30  40 50 
 Lglorn)  , (m/s) 
 Fig. 4. Relative differences between the values of bulk transfer coefficient for the momentum 
     flux calculated with the formulas derived in the present work and those calculated by use 
     of the Kondo's original formula. 
derived from the values of  Cm(10 m) and Eqs. (15), (16), (46) and (47). Therefore, if a 
precise formula of  Cm(10 m) or a precise formula of  z, to  u, is used with the relations 
of Eqs. (15), (16), (46) and (47), the relative errors of  CH(10 m, 10 m) and CE (10 m, 
10 m) for the strong wind of u(10 m)>25  m/s showed in Figs. 5 and 6 may not be 
taken into account. 
   By useof the present result, the practical estimation of momentum, sensible heat 
and vapor fluxes are conducted by the following procedures from the observational data 
of the wind speed  u(z,), the air temperature  T(z2), the specific humidity  q(z3), the water
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 Tz'i  5 
 E 
0 
0 
   0
 0 
 a, 
 U 
 C 
   -5
0
 Fig, 5. Same
10
as Fig.
  20 
 (i0m) 
4 except for
30 40 
 (m/s) 
the sensible
50
heat flux.
 E  0 
 0  vW
 0 
 in 
 U 
 C 
 Q) 
 Qi 
 0
5
0
-5
0
Fig. 6. Same
10
as Fig.
20 
 u  (Wm) 
4 except
30 
 (m/s) 
for the
40 50
vapor flux.
temperature T, at the surface and the specific humidity  qs at the surface which is estimat-
ed  from the value of  T5. 
 ( I ) The values of  u,, and  H  I  (cpp) are calculated with Eqs. (1), (2), (14), (15) 
and (27) by use of three assumptions described  as  : 
       a) The roughness height 20 takes an appropriate value, for example,  20-10-4m. 
       b) The thermal stratification is neutral, that is,  =0. 
     c)  B 
 ( II  ) The values of  zo and  B  H-1 are calculated with Eqs. (36) to (48) from the 
obtained values of  /4, and the values of is estimated with Eq. (7). 
   (III) By use of Eqs. (1), (2), (9), (11), (14) and (15), the values of  tt,,, and  H  (c  pp) 
are calculated.
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   (IV) The steps (II) and (III) are reiterated until the values of  u  HI(cpp) 
converge. Generally, the several times of repetition will be necessary for the relative 
error of  10-6. 
   (V) With Eqs. (3), (9), (11), (16) and (36) to (48) the value of  Elp is computed. 
   In Table 2, the values of turbulent fluxes calculated with the method obtained 
in the present work (parenthesized values) are compared with the value estimated with 
the computer program made by Kondo (1974) for AMTEX. In the Table, Z(cm) is the 
height where the wind speed U(cm/s), the air temperature T(0.1C) and the vapor 
pressure  V(0.1 mb) are measured,  TS(0.1 C) is the vapor pressure at the sea surface, 
TAU (0.01 dyn/cm) is the downward momentum flux, and H and LE are the sensible 
and latent heat fluxes being represented in a unit of ly/day. In the calculation of 
values in Table 2, it is assumed that the density of air is 1.2  kg/m3, the latent heat of 
water per a unit mass is 590 cal/g, the values of specific humidity q and  q, in a unit of 
kg/kg are equal to 6.22 x  10-5 V and 6.22  X  10-5 VS, respectively. 
   The differences between the values by the two methods are negligible for practical 
uses. Speaking in detail, these differences are due to the errors of formulas obtained
Table 2. Comparisons between the values of momentum, sensible heat and latent 
heat fluxes calculated with the reformed formulas in the present work (pa-
renthesized values) and those calculated by Kondo (1974) with the computer 
program made by him for AMTEX.
CM
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
250 
500 
1000 
1500 
2000 
250 
500 
1000 
1500 
2000 
1000 
1000 
1000 
1000 
1000
 U 
(CM/S)
2320 
410 
670 
310 
720 
460 
510 
1290 
1240 
1240 
1240 
1240 
1240 
1030 
1030 
1030 
1030 
1030 
1030 
1030 
1030 
1030 
1030
 (.1C)
77 
59 
180 
160 
220 
195 
177 
156 
250 
250 
250 
250 
250 
167 
167 
167 
167 
167 
50 
100 
150 
200 
250
TS 
 (.1C)
111 
50 
174 
175 
230 
217 
211 
139 
265 
265 
265 
265 
265 
150 
150 
150 
150 
150 
150 
150 
150 
150 
150
 V 
(.1MB)
76 
71 
194 
150 
150 
206 
150 
131 
220 
220 
220 
220 
220 
123 
123 
123 
123 
123 
123 
123 
123 
123 
123
 VS 
(.1MB)
129 
85 
194 
195 
275 
254 
244 
155 
339 
339 
339 
339 
339 
166 
166 
166 
166 
166 
166 
166 
166 
166 
166
  TAU 
 (.01DYN/  CM**2)
 1176  (1164) 
 18( 17) 
 68( 66) 
 14( 14) 
 88( 87) 
 33( 34) 
 43( 44) 
 297( 292) 
392( 388) 
 332(328) 
 287(284) 
 267(263) 
 254(250) 
251( 250) 
211( 209) 
177( 174) 
 159(156) 
 144  ( 143) 
211( 210) 
 202(200) 
 185(185) 
 156(156) 
129( 133)
(LY/DAY)
 250( 245) 
 —8( —8) 
 —11( —11) 
 15( 16) 
 23( 23) 
 35( 35) 
 63( 63) 
 —67(  —66) 
 77( 76) 
 68( 66) 
 60( 59) 
 57( 55) 
 55( 53) 
—70( —70) 
—60( —60) 
 —51(—51) 
 —46(—46) 
—43( —43) 
 377( 369) 
 179( 175) 
 0( 0) 
—134 (-137) 
 —221(—  238)
  LE 
 (LY/DAY)
 625( 609) 
21( 20) 
 1( 0) 
 75( 78) 
 459( 453) 
121( 123) 
276( 276) 
 150(146) 
 970(950) 
 849(830) 
755( 737) 
711( 693) 
 686(665) 
 284(277) 
 245(237) 
209( 202) 
 189(183) 
173( 169) 
 259(248) 
246( 235) 
 219(213) 
 185(183) 
 152(158)
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in the present work for  CH  (10 m, 10 m) and  CE(10 m, 10 m) under the neutral condi-
tion and the very small differences included in the simplified parametarization of the 
non-neutral effects conducted by Kondo (1974) for AMTEX. 
   It should be noted that Eqs. (36) to (48) are very carefully used in the observa-
tional research of the bulk transfer coefficients themselves without the direct 
measurement of  u,, by the eddy-correlation method with the data of turbulent 
fluctuation. When both values of  z, and are estimated from observed profiles of 
wind speed, the values of  z, and  u,, have a spurious tatistical correlation only due to 
the scattering of observational values. In the case of such research, the Kondo's original 
expressions that the transfer coefficients are represented with the wind speed should be 
applied. 
 Acknowledgement: The author wishes to express his appreciation to Prof. Junsei Kondo 
of Tohoku University for his carefull reading of the manuscript and his valuable 
suggestions. 
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